Abstract-Regularities of the dissolution, the phase formation, and the structure formation implemented under the contact interaction conditions of titanium carbide of various compositions with Ni and Ni-(5-25%)Mo melts are investigated. It is originally established that the dissolution of carbide TiC x in nickel-based melts is incongruent. Preferentially, carbon transfers into the melt at x ≥ 0.9 and titanium at x ≤ 0.8. The limiting stage of the dissolution is diffusion of metal atoms in the liquid phase. The formation regularities of carbide Ti 1 -n Mo n C x (K-phase)-the main product of the contact interaction in the TiC/Ni-Mo system-are revealed. It is established that the K-phase is formed under the relative excess conditions of the Ni-Mo melt preferentially according to the dissolution-isolation mechanism. The composition of autonomous isolations of the K-phase depending on the experimental conditions (1450°C, 0-25 h) varies in limits from Ti 0.4 Mo 0.6 C 0.7 (a = 4.27 Å) to Ti 0.7 Mo 0.3 C 0.6 (a = 4.29 Å). It is determined by the molybdenum concentration in the melt at the unsteady dissolution stage and by the concentration ratio between titanium and carbon in it at the steady-state dissolution stage.
The solid solution nature [1, 2] of the cubic (of the NaCl type) refractory interstitual phases (RIP)-carbides, nitrides, and monoxides of transition metals of Groups IV and V-predetermine their increased chemical activity in contact with nickel-based melts [3, 4] . The consequence of this circumstance is the fact that the optimal combination of service properties of cermets based on the TiC-Ni, in contrast with hard alloys of the WC-Co type, is attained only in a certain intermediate (nonequilibrium) state [5] [6] [7] [8] [9] [10] [11] [12] . Therefore, the investigation of the kinetics and mechanism of the dissolution, the phase formation, and the structure formation taking place during the interaction of titanium carbide with Ni and Ni-Mo melts is a actual problem. Unfortunately, no special investigations devoted to the clarification of these questions has been performed until now. The developers of TiC cermets usually restrict themselves by the investigation of the interrelation of the phase composition, the microstructure, and the properties of the already sintered (partially or completely) composite [13] .
In order to fill this gap, we performed a systematic investigation into kinetic features and general regularities of the contact interaction of titanium carbide of various compositions with Ni and Ni-(5-25%) Mo melts, the results of which are presented in this article.
To perform the experiments, we prepared two series of hot-pressed TiC x samples with a residual porosity of 0-2 and 10-12%, respectively. The first was intended to investigate the contact interaction with the nickel-based melts in relative excess conditions of the liquid phase (the free dissolution mode), while the second one was intended under conditions of a relative absence of them (the impregnation mode). The compositions and lattice parameters of TiC x samples used in our study are presented in the table.
The experimental procedure was as follows. Pellets of titanium carbide TiC x and Ni(Mo) alloy identical in shape and sizes (∅10 mm, h = 5 mm) were arranged pairwise in corresponding alundum crucibles. Isothermal annealing was performed in vacuum 10 -1 Pa and a temperature of 1450°C for 0.1-25.0 h. After the experiment was completed, the samples were † Deceased. cut perpendicularly to the contact boundary, grinded, and polished by diamond pastes. The chemical composition of contacting phases and microstructural features of composites were studied by the electron probe microanalysis (EPMA) and scanning electron microscopy using a JCXA-733 analyzer. If necessary, chemical and X-ray phase analyses were also used (DRONtype diffractometers).
REFRACTORY, CERAMIC, AND COMPOSITE MATERIALS
The results of the investigation are presented below in the form of schemes of corresponding physicochemical processes and concentration dependences. For the clarity of description and completeness of studied processes, we used the following notation:
is the dissolution of titanium carbide in the melt;
----> is the melt crystallization upon cooling the system; is the interdiffusion in the structure of the corerim type; is the nickel-based melt; ₪ is the eutectic.
TiC/Ni SYSTEM According to the EPMA results, initial dissolution stages (t = 1450°C, τ = 0.5 h) of the dense (porosity <2%) TiC x samples in the nickel melt can be described by the following reaction schemes:
It is seen from the presented data that if the carbide composition is close to stoichiometry, then preferentially carbon transfers into the melt, and if it is far from stoichiometry then titanium transfers. Carbide TiC 0.85 dissolves in nickel congruently, i.e., without a noticeable variation in the composition. Its relative dissolution rate evaluated by the amount of titanium transferred into the melt is minimal (Fig. 1) .
The interaction in the system under consideration is developed more deeply with time (τ = 1 h):
It should be noted that titanium carbide that primarily crystallizes from the melt (reaction (4)) is close in composition to the lower boundary of the homogeneity region (C ~ 15%, a = 4.316 Å) and contains up to 1.5% Ni. Isolations of free carbon are present in the metallic zone of the sample (up to 0.5%).
The incongruent (in the general case) dissolution character of titanium carbide in nickel and nonquasibinarity of the TiC x -Ni system (x → 1) agrees well with the solid-solution nature of refractory interstitial phases [1] . The introduction of the second carbide-forming element (molybdenum) into the system under consideration qualitatively changes the phase formation and structure formation mechanisms.
The initial interaction stage of components in the TiC/Ni-25% Mo system (t = 1450°C, τ = 0.1-0.3 h), similarly to the TiC/Ni system, is characterized by the preferential dissolution of carbon of the carbide phase in the melt. Therefore, when cooling the composition, only primary and eutectic isolations of the phase based on hexagonal carbide Mo 2 C are crystallized from the melt:
During the more prolonged interaction (τ = 0.5 h), when the limiting product of titanium, carbon, and molybdenum activities, which is determined by relationship [14] is attained in the melt, crystals of the cubic phase (of the NaCl type) of the composition Ti 1 -n Mo n C x (K-phase) start to form in it. Far from the interface,
n n x G R T a a a they are formed autonomously according to the dissolution-isolation mechanism ( Fig. 2 ):
Since the particle density of the K-phase is lower than the melt density, they "float" with time and accumulate on its free surface (Fig. 3) .
The K-phase precipitates in the contact boundary region (see Fig. 2 ) immediately on titanium carbide grains according to the dissolution-precipitation mechanism. Precipitation of the K-phase on initial carbide grains results in the radial concentration gradient of titanium, molybdenum, and carbon, which is the moving force of diffusion directed towards leveling their compositions.
It should be noted that leveling the concentrations of elements over the grain cross-section occurs in the first place in regards to carbon (Fig. 4) : (10) The interaction gradually transforms with an increase in the exposure time from the unsteady dissolution mode, when the compositions of the solid and liquid phases vary with time (τ = 0.5-5.0 h), into the steady one, when this transformation is stopped (Fig. 5) . Since the atomic ratio C/Ti in the K-phase is larger than unity at the unsteady dissolution stage, the amount of carbon dissolved in the melt decreases as it is formed, while that of titanium increases. The higher the molybdenum concentration in the initial melt is, the more rapid this process is (Fig. 6, curve 1) .
Upon attaining the steady (congruent) dissolution stage, the C/T atomic ratio in titanium carbide (in TiC x particles separated from the main carbide massive) and autonomous isolations of the K-phase is leveled (C/Ti ~ 0.85). The amount of titanium dissolved in the metallic phase (Fig. 6 , curve 2) also stabilizes at a level of 7% (Fig. 6, curve 2) :
The data presented in Fig. 7 confirm the conclusion that carbide TiC 0.85 dissolves in the Ni-25% Mo melt congruently.
The dependence of the composition of autonomous isolations of the K-phase in the melt on the initial composition of titanium carbide is presented in Fig. 8 . It is clearly distinguishable that an anomalous trend of this dependence in the composition region TiC 0.8 -TiC 0.9 correlates with similar features in concentration dependences of the dissolution rate of titanium carbide in Ni and Ni-Mo melts (compare Figs. 1, 7, and 8 ). This is natural since they are based on the same cause of occurrence of congruently dissolving carbide close to TiC 0.85 in composition. It is evident from the chemical viewpoint that this composition is most appropriate for using as the initial base of TiC cermets with the Ni-Mo binder. The appropriateness of this conclusion is in particular evidenced by The dependence of the composition of autonomous isolations of the K-phase on the initial molybdenum concentration in the melt is presented in Fig. 9 . It is seen that this dependence is clearly pronounced at the unsteady dissolution stage of titanium carbide, being almost absent at the steady-state dissolution stage.
The ratio between stages of unsteady and steadystate dissolution of titanium carbide in the Ni-Mo melts and, consequently, variation limits of the composition of autonomous isolations of the K-phase, can be regulated by introducing additional carbon into the TiC/Ni-Mo system. The efficiency of this operation is illustrated below by the example of compositions TiC/Ni-25% Mo and TiC/Ni-25% Mo-1% C thermally treated at t = 1450°C for 1 h:
The comparison of reactions (12) and (13) shows that the introduction of 1% carbon into the Ni-Mo melt abruptly decreases the dissolution rate of titanium carbide. Herewith, the incongruent dissolution stage almost vanishes. It should be noted that the primary isolations of the K-phase contain the maximal amount of molybdenum is this case. Its concentration (~75%) exceeds the limiting solubility of molybdenum in titanium carbide even at higher temperatures very much (for example, it equals ~35% at t = 2000°C [16] ). Summing the aforesaid, we can state that, when dissolving dense (porosity <2%) TiC 0.96 samples in a relative excess of the Ni-Mo melt, the K-phase is The constancy of this ratio also determines the constant composition of the K-phase. The duration of unsteady dissolution stage can be reduced to a minimum by introducing additional carbon into the melt. In connection with the previously mentioned, it is noteworthy to recall that the K-phase is an actual base of TiC cermets with the Ni-Mo binder (the volume fraction of the K-phase in sintered alloys exceeds 50% [4] ). It substantially exceeds titanium carbide by such important characteristics as high-temperature deformation and creep resistance [17, 18] , hot hardness [19] , and adhesion with steels [20] . In addition, the high degree of deficiency of the K-phase in regards to carbon yields its complete wettability with the nickelbased melts.
A qualitatively different pattern is observed when impregnating the porous (11%) sample of titanium carbide with the Ni-25% Mo melt. Figures 10 and 11 show the appearance of the part of carbide TiC 0.96 and concentration profiles of molybdenum and titanium over the sample cross section, respectively.
It is seen that the characteristic microstructural feature of carbide TiC 0.96 impregnated with the Ni-25% Mo melt is the clearly pronounced concentration gradient of titanium and molybdenum over the sample cross section. Towards its center, the molybdenum content in the rim of TiC grains lowers from 60 to 7%, while that of titanium correspondingly increases. The composition of the core of carbide grains is herewith constant (80% Ti and 19% C). The shape of carbide grains changes from rounded to faceted when moving into the sample depth, while the K-phase shell becomes thinner. The composition of the metallic phase also changes regularly: the molybdenum content in it lowers from 21 to 0.3%, while that of titanium increases correspondingly from 5.5 to 13% with the further formation of the isolation zone of the Ni 3 Ti intermetallic compound. A jumplike variation in the composition of the K-phase in carbide grains arranged immediately on a contact boundary should be noted. The cause of this anomaly is apparently the circumstance that the dissolution-precipitation mechanism acts here simultaneously both in the relative excess conditions of the liquid phase and in its lack conditions. For this reason, leveling rates of the shell and core composition of carbide grains situated on both sides of the contact boundary differ so strongly (see Figs. 10, 11) .
The additional experiment on the overall impregnation of small (0.1-0.3 mm) pieces of the same carbide TiC 0.96 by an equal volume of the same melt Ni-25% Mo confirmed the assumption that the diffusion leveling of the rim composition of the K-phase and the core of carbide grains in conditions of excess of the liquid phase occurs very rapidly. For example, after sample holding at 1450°C for 1 h, the primarily formed core-rim structure of carbide grains (the K-structure) is completely degenerated and carbide pieces are the homogeneous phase of the composition, %: 50 Ti, 38 Mo, 11 C, and 1 Ni in the surrounding of a solid solution based on nickel, %: 83 Ni, 9 Mo, and 7.5 Ti. The formation of the K-structure of carbide grains continues until molybdenum in the melt almost vanishes as the melt moves inside the sample.
The consequence of this process, which is apparently limited by the diffusion of molybdenum and titanium in the liquid phase, is the following specific effects:
(i) a decrease in the dissolution rate of titanium carbide in the melt as it moves inside the sample (an average size of the core of carbide grains increases towards the sample center);
(ii) a decrease in the precipitation rate of the K-phase on titanium carbide grains (its thickness decreases and faceting becomes perfect); (iii) the suppression of the diffusion homogenization of the composition of two-phase carbide formations (interphase boundary K-phase/titanium carbide becomes increasingly clearer).
CONCLUSIONS
We performed a systematic investigation of the kinetic features and general regularities of the contact interaction of titanium carbide of various compositions with Ni and Ni-(5-25%) Mo melts. The analysis of our results allows us to conclude the following: (i) It is established that the dissolution of carbide TiC x both in pure nickel and in Ni-(5-25%) Mo melts is accompanied by the variation in its chemical composition, notably, carbon of the carbide phase preferentially transfers into the melt at x ≥ 0.9 and titanium preferentially transfers at x ≤ 0.8. Carbide TiC~0 .85 is dissolved in these melts congruently. The limiting dissolution stage is atomic diffusion of metal in the liquid phase.
(ii) The formation regularities of the cubic (NaCl type) carbide Ti 1 -n Mo n C x (the K-phase)-the most important phase component of TiC cermets-are revealed. It is shown that the K-phase preferentially forms by the dissolution-isolation mechanism under the relative excess conditions of the liquid phase. The immediate diffusion of molybdenum into titanium carbide is not implemented. The composition of autonomous isolations of the K-phase varies depending on the experimental conditions (t = 1450°C, τ = 0.5-25.0 h) in limits from Ti 0.4 Mo 0.6 C 0.7 (a = 4.27 Å) to Ti 0.7 Mo 0.3 C 0.6 (a = 4.29 Å). It is determined by the molybdenum concentration in the melt at the unsteady dissolution stage and by the ratio of titanium and carbon concentrations in it at the steady-state dissolution stage.
(iii) It is demonstrated that the K-phase is precipitated immediately on titanium carbide grains with the subsequent diffusion leveling the core and shell compositions of carbide grains under the impregnation conditions of porous (11%) carbide TiC 0.96 /Ni-25% Mo by the melt. The composition of the K-phase varies in limits from Ti 0.5 Mo 0.5 C 0.7 to Ti 0.95 Mo 0.05 C 0.7 upon the melt moving into the sample depth. The formation of the K-structure of carbide grains continues until almost no molybdenum remains in the liquid phase.
